We describe a preliminary optical design for a multi-object, wide-field, optical echellette spectrograph that is intended to serve a broad range of science. It will produce low-resolution, single-order spectra for survey-mode programs targeting as many objects as possible and also moderate-resolution, multiple-order spectra for a reduced number of targets. The design uses all refracting optics. The first optical element of the spectrograph is a wide-field corrector for the telescope that causes the chief rays to be perpendicular to the focal plane. The collimator, which has been designed on-axis, can then be duplicated to target multiple, off-axis fields in a multiple-barrel configuration. The collimator optics include an achromatic field lens group that forms a sharp pupil over the full optical band-pass (320-1000 nm), followed by a dichroic which splits the beam into a red and a blue channel. All remaining optical elements of the collimator, the gratings, the cameras, and the detectors are then optimized for red or blue wavelengths. Both red and blue channels of each beam of the spectrograph use reflection gratings to produce either a single-order spectrum at resolutions around R=λ /∆λ=1000 or a five-order, R>5000 echellette spectrum with prism cross-dispersion. Both modes can target objects anywhere in the collimated field of view. A direct imaging mode will also be provided.
INTRODUCTION
Due to the expense and effort of building instruments suitable for the next generation of "extremely large" telescopes (ELTs), the first generation instruments for these telescopes will each need to enable as broad a range of observations as possible in order to serve the broad scientific goals of the users. In the case of the Thirty Meter Telescope (TMT), the science case emphasizes spectroscopic programs which benefit from a wide field of view, moderate resolution (R = λ /∆λ ≈ 1000 to 5000), efficient multiplexing, broad wavelength coverage, and high transmission, particularly into the near-UV (λ < 350 nm). Not surprisingly, however, the science case also includes programs which would target a smaller number of objects at higher resolutions. As the first suite of TMT instruments includes only one optical spectrograph, it is important to find a design solution that will enable both low-resolution surveys and higher-resolution targeted programs without losing sight of the overriding need to minimize cost and complexity. We describe here one solution for such a "work-horse" optical spectrograph for TMT. This is the design concept for the Multi-Object Broadband Imaging Echellette (MOBIE), which is expected to be the wide field optical spectrograph for TMT. In this paper, we discuss some of the issues relevant to our basic design strategy, show preliminary optical designs, and give examples of grating and prism options.
COLLIMATOR DESIGN
Like any Ritchey-Chrétien telescope, the focal plane of TMT is curved toward the primary mirror. 1 This curvature is well matched to reflecting collimators, a fact which was exploited in the optical design of LRIS and DEIMOS on the Keck telescopes. 2, 3, 4 Nevertheless, refracting collimators have some appealing advantages over reflecting collimators. In particular, refracting collimators can form an exit pupil which is well controlled and externally located without requiring an off-axis configuration or internal obscurations. They can also be packaged more conveniently and can potentially provide better image quality. For these reasons, we have explored designs for refracting collimators with the goal of understanding the limiting field diameter that can be obtained with good image quality and a well-controlled, achromatic exit pupil. The key elements of the optical design are a telescope field corrector that produces chief rays normal to the telescope focal plane, and a collimator composed of an achromatic field lens and a cluster of six smaller elements. Together, these elements produce a sharp, achromatic pupil and good image quality over wavelengths 320-1000 nm. We discuss these elements in detail below.
A Field Corrector for Multiple Beams
The first component in the MOBIE design is a wide-field corrector for the telescope. In addition to improving the image quality, the corrector causes the chief rays at all field positions to be perpendicular to the focal plane. This property makes it easier to build an instrument with multiple off-axis barrels in a convenient way. Specifically, this allows us to design a single, on-axis collimator that can function at any off-axis field. Field correctors with this property have been used in fiber systems (e.g. MIKE at Magellan, Hectospec at the MMT) to allow efficient light-transfer into the fibers when the fiber heads are flush with the focal plane. 5, 6, 7 A similar strategy was also used in the design of the GMACS wide-field spectrograph for GMT to target multiple off-axis fields. 8 If multiple collimators are fabricated for MOBIE, they will be separated by a minimum of 25 arcseconds in order to allow rotating atmospheric dispersion correctors to be used. The fields of view seen by each collimated beam of a two-and four-beam spectrograph are illustrated in Figure 1 .
The field corrector is composed of two elements: a positive lens located ~3m meters in front of the telescope focal plane and a negative lens near the focal plane. These two elements are sufficient to achromatize the images without changing the F/15 focal ratio of the telescope. The focal plane moves back by about 0.1 m from its original location. For collimators with fields of view between 7 and 8 arcmin in diameter (see Section 2.2), the corrector should have a field of view between 14.4 and 20.4 arcmin in diameter, depending on the number of beams. At the TMT plate scale (2.181 mm/arcsec), the field corrector lenses would need to be roughly 2.5 m in diameter to accommodate a 20.4 arcmin field of view. Fused silica can be obtained at these sizes and is used in the layout shown in Figure 2 . For a 20.4 arcmin field of view, the rms spot radii at all fields positions are less than 0.1 arcsec.
* This is a significant improvement over the uncorrected images from the telescope, which are larger than R rms = 0.1 arcsec at 12 arcmin field diameters and have significant astigmatism. Note that if the corrector is optimized for a 14.4 arcmin field, we obtain a nearly uniform rms spot radii with R rms < 0.05 arcsec. Images are shown in Figure 3 .
In addition to bending the chief rays away from the optical axis and normal to the focal plane, the negative element of the field corrector also reduces the curvature of the focal plane by about a factor of two (from 3 m to 6 m). Because the chief rays are diverging at the corrected telescope focal plane, the collimator requires a stronger (achromatic) field lens with the corrector than without if a sharp, achromatic pupil is desired (see Section 2.2). Without the field corrector, we have obtained similar pupil control with a bonded or air-spaced doublet (fused silica / flint), rather than the air-spaced triplet (fused silica / flint / fused silica) shown in Figure 4 . However, the image quality is 25-50% better with the field corrector. If only one on-axis beam is built, other field corrector designs could be considered. 
Refracting Collimators
The collimator includes two groups of elements. The first is an achromatic field lens triplet placed near the telescope focal plane. The field lens controls the pupil, as usual, and forces the beam to converge so that the diameter and position of the remaining elements can be controlled. The designs shown here use a positive-negative-positive configuration in which the positive power comes from fused silica, but must be balanced with an i-line flint glass in order to produce an achromatic pupil. The second group of elements is a cluster of six smaller lenses near the pupil. The pupil size has been set at 300 mm as a compromise between spectral resolution and the required diameter of the largest camera optics (at least 30% larger than the pupil). The cluster collimates the beam using elements that are 350-450 mm in diameter. The materials used in the cluster are CaF2 (x3), fused silica (x2), and one high UV-transmission i-line glass. The collimator shown in Figure 4 includes no aspheric surfaces and works over the wavelength range 320-1000 nm. It forms a sharp pupil and good images (R rms < 0.1 arcsec) at all wavelengths for an 8 arcmin diameter field of view. The images and rms spot radii are shown in Figure 5 as a function of field and wavelength. Note that the outer field positions contribute significantly to the average rms spot size. By allowing one of the surfaces to be a mild asphere (maximum aspheric deviation ~0.3 mm), the image quality of this design can be improved by 30-50%. While this is not a final design, it is illustrative of the band-pass and field of view that can be obtained using this sort of configuration and with all-spherical surfaces.
In the case of MOBIE, it is desirable to split the beam into red and blue channels in order to allow improved performance of the anti-reflection coatings, optimized grating parameters, optimized detectors, and improved multiplexing efficiency. To split the beam, a dichroic can be inserted ~450 mm in front of the collimating cluster to reflect the blue light and transmit the red. The red image quality is not significantly damaged by the dichroic if a lateral @0 @ N P Fig. 4 . A broad-band, refracting collimator design with an 8 arcmin diameter field of view. The first surface on the left is the corrected telescope focal plane. The rays are traced about 400 mm beyond the exit pupil, which is the second to last surface shown at the right of the plot. Rays are drawn for all wavelengths. The cluster of elements near the pupil includes six air-spaced lenses with spherical surfaces. This design is optimized for 320-1000 nm. The image quality for this design is illustrated in Figure 5 . Figure 4 . The images have been re-formed using an ideal (paraxial) camera with F/15, so that the plate scale is the same as at the telescope focal plane (2.181 mm/arcsec). The boxes on the left are 1 arcsec on a side. The maximum scale shown on the right is 0.5 arcsec. The average rms spot radius is less than 0.1 arcsec (0.281 mm). The black line in the plot on the right shows the monochromatic image radius, indicating the lateral color over the full range 320-1000 nm. While this design has no aspheric surfaces, a single, weak asphere (maximum aspheric deviation less than 0.3mm) will reduced the rms spot radius by 30-50% over the full field and all wavelengths.
shift is allowed to compensate the sideways motion of the beam through the tilted, plano-plano substrate. In the designs shown below, the band-pass is split at 600 nm, although we may shift this to the blue as we finalize the designs. Reoptimizing the red and blue elements of the collimator downstream of the dichroic improves the images by about 25% relative to the broad-band design shown in Figure 4 . The re-optimized collimators are shown with the dichoric in Figures 6. Images quality is illustrated in Figure 7 .
Based on preliminary discussions with glass vendors, we anticipate that it will be possible to obtain the required UV-transmissive flint element for the field lens with the required optical quality at diameters under 1 m. An 8 arcmin field of view corresponds to a physical diameter around 1.1 m. To reduce the size of the required field lenses, the preliminary blue-and red-optimized designs for MOBIE (see Figure 6 ) have a 7 arcmin field of view and no aspheric surfaces. Fig. 6 . The optical layout for a two-channel (red / blue) collimator with a 7 arcmin diameter field of view. The telescope focal plane is shown on the far left, as in Figure 4 . The beam is split by a dichroic that is positioned at a 32 degree angle, with the red transmitted and blue reflected. The rays are traced about 400 mm beyond the exit pupil, which is the second to last surface shown for each channel. Image quality for the red and blue channels is shown in Figure 7 . Fig. 7 . Rms spot radii for the red (left) and blue (right) optimized collimators shown in Figure 6 . The maximum scale in both diagrams corresponds to 0.5 arcsec. This red design is optimized for 550-1000 nm. The blue design is optimized for 320-600 nm. As suggested by the rms spot radii shown here, the spot geometry is slightly more symmetric and compact than for the broader band, wider field design shown in Figure 4 . The image quality at the widest field positions can be improved by 30-50% by allowing one aspheric surfaces in each channel.
A variety of other issues will be considered in finalizing the design of the collimator. Among these, the most fundamental issue is the relative importance of the image quality, pupil sharpness, and UV transmission. A trivial point in this regard is that the designs shown here do not allow for any shift in the pupil location with color, which is an unnecessary constraint for the two-channel designs. A more subtle issue is the relative importance of the image quality and pupil sharpness for the performance of the instrument. The exit pupil is an important location for blocking stray light from the un-baffled telescope. A sharp pupil will allow baffling without vignetting, however a small amount of vignetting (<5%) near the pupil or first element of the camera is desirable for other reasons. It may therefore be reasonable to allow some shift in the pupil position with field. Reducing the constraints on the pupil may improve the image quality slightly, but more importantly it may improve the total UV transmission by allowing the i-line element in the field lens triplet to be thinned or a more UV-transmissive i-line material to be used. The design shown in Figure 6 uses I-PBL26Y as the flint in the field lens triplet. Note that the thickness of the i-line element is an issue for UV transmission with or without the field corrector and with or without a slight chromatic shift in the pupil; the flint element is needed in all of these designs to properly constrain the pupil.
DISPERSION ELEMENTS
In general, the choice of resolving power for the spectrograph must balance a number of considerations. For a spectrograph that should enable as broad a range of science as possible, more resolution is always better. The spectral resolution required for sky subtraction and the primary science cases should be regarded as setting a minimum rather than the goal resolution. In our case, the minimum resolution that follows from the TMT science case for the wide field optical spectrograph is R=λ/∆λ=5000 on the blue side and R=3500 on the red side. The issue that determines the maximum resolution is really the trade off between wavelength coverage and resolution.
It is always the case that more wavelength coverage per single exposure will lead to both higher observing efficiency and greater science pay-off. The ideal is always to have the option of full wavelength coverage at any resolution. If we assume that detector real estate is not the limiting factor, then the limit to how much resolution and wavelength coverage we can get is imposed by the total angular field of view of the camera. The range of angles leaving any one place on the grating grows proportionately with the free spectral range and resolution of a spectral order. The greater that range of angles, the greater the angular field of view of the camera must be to capture all the light. The highest performance cameras built to date have angular fields of view around 25 degrees for instruments on 10 m telescopes. We can assume that the field of view achieved in cameras for instruments on 30 m telescopes, which require larger pupils for the same resolving power, will not greatly exceed that range.
The total required camera angle is set by the slit width, the resolution, and total wavelength coverage. For MOBIE on TMT (F/15 telescope, 30m primary mirror, 300 mm pupil), the angular extent at the camera of a 0.75 arcsec slit in the focal plane is 1.25 arcmin. To obtain a spectrum with resolution R=5000 and wavelength coverage 600-1000 nm in one order, the camera needs to image an order that is ~2500 slit widths across. The camera therefore must have a ~50 degree field of view. We do not anticipate designing a camera like that any time soon. If we refuse to give up resolution or wavelength coverage, then the solution is to push the desired wavelengths into shorter orders that can be imaged by a camera with a ~25 degree field of view, without gaps in wavelength coverage. If order separation is kept relatively small, multiple objects can be targeted simultaneously. This is the strategy we have adopted in MOBIE. As far as we are aware, the only instrument currently in operation that works in a similar way is the Multi-Object Echellette (MOE) mode in IMACS on Magellan. 9 The high resolution mode of MOBIE will obtain at least a resolution of R=5500. On the red side, for example, this can be achieved using a grating with a blaze angle of 42 degrees and 175 lines per mm. A blocking filter can then be used to select orders 8 through 12, centered at wavelengths 920, 820, 740, 670, and 620 nm, or any subset thereof. How much cross-dispersion is required to separate the orders depends on the total slit length, which should therefore be kept as short as possible. The most effective strategy for sky subtraction near the spectroscopic (sky-background dominated) limit is to beam switch or nod-and-shuffle. In either case, slits should be 2-3 arcsec long and A/B pairs of slits should be positioned such that the orders for slit A lie adjacent to each other, rather than interwoven with the orders for slit B. For a 3-arcsec long slit, the orders can be well separated using a single PBM2 prism with an apex angle of 32 degrees. It may be possible to produce an achromatic, bonded prism made of two glasses that would produce more even order spacing if the total apex angle of the composite prism does not get too large. A maximum of 19 slits can be placed across the diameter of the collimated field of view if 5 orders are imaged per slit. If fewer orders are imaged (observer's choice), or the design uses less cross-dispersion and shorter slits, then more objects can be targeted. The full echellette footprint can be imaged for any object within the full field of view of the collimator. The optical layout for this configuration is shown in Figure 8 . An example of the spectral footprint on the detector is shown in Figure 9 .
In order to obtain the maximum multiplexing efficiency at low dispersion for survey-mode observations, a different grating/prisms configuration is needed. In this low-dispersion mode, it should be possible to obtain a single order with complete wavelength coverage for an object located anywhere in the collimated field of view. This requirement sets the resolution to about R=1300 on the red side (600-1000nm) and R=1050 on the blue side (320-600 nm). A grating with about 500 lines per mm and a 10-degree blaze angle can be used in first order to obtain the full spectral range on the red Fig. 8 . Shaded solid models of the optical layouts for the higher dispersion mode (left) and lower dispersion mode (right). Rays are drawn from the dichroic on the left (see Figure 6 ) to the CCD at the bottom of both figures. Rays are shown for all orders, all wavelengths, and all field positions. They are colored by field. Note that both layouts are shown in quasi-Littrow configurations, however this is only necessary for the cross-dispersed modes. A more standard, off-Littrow configuration could be used for the low dispersion mode by rotating the slit orientation by 90 degrees without changing the position of the cameras relative to the collimators. The layouts include the red collimator shown in Figure 6 and the red camera shown in Figure 12 . Fig. 9 . An example of the spectral footprint on the detector in the higher dispersion mode. For this example, the slits are 3 arcsec long and are spaced 25 arcsec apart for visibility in the figure. The slits are aligned down the center of the 7 arcmin field of view for this example. The free spectral range for each of five orders is drawn for each slit position. The spatial extent of each order is marked with a blue, black, and green line at the top, middle, and bottom of the slit, respectively.
side. A blocking filter could be used to limit the wavelength range if desired. This optical layout is shown in Figure 8 . The observer can choose the slit length in this mode.
The high resolution mode can be pushed up to R~7500, however at this resolution objects should be placed only within a 5 arcmin diameter field of view to avoid excessive distortions and anamorphic factors at large field positions. This is not a problem for the high resolution mode, necessarily, as this mode would typically be used to target a smaller number of sources. If the high resolution mode is pushed above R~5000, we will probably include a third, intermediate resolution mode that would image multiple orders and also allow objects to be placed anywhere in the full field of view. Note that the grating and prism orientations will be fixed ⎯ no adjustments will be needed in standard usage as complete wavelength coverage is delivered in each mode. Finally, we expect to include a direct imaging mode by placing a mirror at the exit pupil of the collimator.
CAMERAS
The red and blue cameras have each been designed to image a pupil that is 300 mm in diameter, positioned 400 mm from the first element of the camera (see Figures 10 and 12 ). Both cameras have been optimized for a 24 degree field of view. To limit the size of the first element, some vignetting has been allowed. Note that the full 7 arcmin field of view of the collimator maps to only 11.7 degrees in the field of view of the camera. The full field of view of the camera is only utilized to image the ends of the orders at the most extreme field positions in the dispersion direction. We have therefore set the vignetting to be about 10% at the outer-most field positions of the camera. The field is unvignetted within a 20 degree field of view. This is probably too conservative, as an additional 2−3% vignetting at the outer field positions will further reduce the cost and difficulty of fabricating the cameras. Note also that the resolutions and layouts shown in Figure 8 only require a pupil spacing of 350 mm. The larger gap may be utilized if a higher resolution (R~7500) configuration is included in the final design. If not, however, the cameras will be re-optimized for the smaller pupil spacing, which will allow the camera elements to be reduced in size. Fig. 12 . The optical layout for the red camera. The scale is given by the pupil diameter (left most surface), which is 300 mm. Materials include CaF2, fused silica, BAH10, BAL14, and TIM22. The camera is F/1.9 with a 24 degree diameter field of view. Two of the CaF2 surfaces are aspheric. The first two elements are shown as a doublet that would be bonded with an optical RTV. This pair could also be airspaced. The images are shown in Figure 13 . Because of the large plate scale of the telescope and because the anticipated pixel size is 15 microns, the focal plane is guaranteed to be over-sampled; even an F/1 camera will produce a pixel scale of 9.5 pixels per arcsecond at the detector.
As the targets will be extended sources (i.e. galaxies not stars) most of the time, the slit will usually be at least 0.75 arcsec wide. The F/# of the cameras is therefore not crucial, although it should be as fast as possible. The designs in Figures 10 and 12 are both about F/1.9. They have been allowed to vary to find a reasonable compromise between image quality and speed. The images formed by both cameras have rms spot radii less than 0.1 arcsec, as shown in Figures 11 and 13 .
Several issues remain to be considered in the final optimization of the cameras. First, as a general strategy, it is an interesting question whether bonded elements of this size are more durable, have significantly higher transmission, or are easier to handle than air-spaced elements of this size. Although bonding reduces the number of surfaces that must be coated, bonding may not significantly increase the transmission relative to air-spacing if good coatings can be obtained. Sol-gel, with or without MgF2 underneath, is an obvious option for high-performance, broad band-pass coatings at low fabrication risk. As shown in Section 2, acceptable design solutions were found for the collimators with all singlet elements. The camera designs shown here, particularly on the blue side, include several achromatic doublets in which a flint glass is paired with calcium fluoride such that an air space reduces their performance. But it is also possible to obtain good solutions without these bonded doublets. Finally, both cameras include two aspheric surfaces which have been placed on calcium fluoride. All of the aspheres have been explicitly constrained to have a maximum aspheric deviation of less than 1.5 mm total with a slowly varying slope. Although quotes have not been obtained, we anticipate that they can be fabricated by diamond turning without post-polishing. The optimal location for the aspheres has not been thoroughly explored.
THROUGHPUT
Another important issue for the TMT science case is the total throughput in the range 340-1000 nm. It is premature too attempt an accurate tally of the transmission as a function of wavelength over the full band-pass, however some issues regarding transmission can be easily approximated, including: (1) the transmission through the lens materials, (2) the total transmission at air/glass surfaces, and (3) the grating efficiency. We discuss these below.
Although the number of lenses in the entire system is large, care has been taken to use only high transmission materials. The vast majority of elements in both the blue and red channels are calcium fluoride or fused silica. Both channels include the field lens triplet, which has one i-line element (I-PBL26Y). The blue side then includes one additional i-line glass in the collimator (I-BAL35Y), and three additional i-line glasses in the camera (I-BAL35Y, I-PBL6Y, I-FSL5Y). These are among the highest transmission i-line materials available. For the thickness of the lenses as shown in the above figures, we estimate that the total material transmission on the blue side is roughly 6% at 330 nm, 55% at 340 nm, 80% at 350 nm. On the red side, the total material transmission is expected to above 90% at all wavelengths. For the configurations shown above, the total transmission at air/glass surfaces is expected to be roughly 70% if we assume that the coatings deliver 99% transmission. Finally, if we keep the current layout strategy for positioning of the camera relative to the collimator, the peak efficiency of the grating will be reduced by roughly the cosine of the quasi-Littrow angle, which is about 40 degrees at present. Assuming a peak blaze efficiency of 75%, the total efficiency off the grating will be roughly 57% at the peak of the blaze function. The total transmission due to the three issues listed above is then >31% at wavelengths longer than 350 nm on the blue side. The transmission will fall rapidly towards bluer wavelengths, reaching ~3% by 330 nm. On the red side, the transmission should be above 36% at all wavelengths.
It is worth noting that complete wavelength coverage in one exposure reduces the total number of exposures that must be taken on a given target. If broad-band coverage is an important requirement of the science, then this characteristic is a significant issue for efficiency. Any comparison between instruments should address this issue.
Finally, in Figure 14 we show spot diagrams that are representative of the images that are formed when traced through the entire system with the current optical designs, from telescope to detector. As none of the optical designs have been finalized, we expect the optical performance to improve.
